Mitochondrial DNA is constantly exposed to high levels of endogenously produced reactive oxygen species, resulting in elevated levels of oxidative damaged DNA bases. A large spectrum of DNA base alterations can be detected after oxidative stress, and many of these are highly mutagenic. Thus, an efficient repair of these is necessary for survival.
INTRODUCTION
Under normal metabolic conditions reactive oxygen species (ROS) are generated primarily as a by-product of the electron transport chain in mitochondria (1) . The mitochondrial DNA (mtDNA) represents a particularly susceptible target for ROS as it is closely associated with the mitochondrial inner membrane, where most ROS are generated (2) . Various laboratories (3, 4) , including ours (5) , have demonstrated that oxidative DNA base damage accumulates more in the mitochondrial DNA than in the nuclear DNA.
The endonuclease III (NTH) family of glycosylases is a highly conserved class of repair enzymes that are found from bacteria to man (6) . NTH1 is the main endonuclease III homologue found in mice and humans (7) (8) (9) . Its glycosylase/AP lyase component has very broad substrate specificity, and it removes several different types of oxidized bases from DNA (10, 11) . The primary target for NTH1 is oxidized pyrimidines in DNA, and NTH1 is involved in the repair of thymine glycol (5,6-dihydroxy-5,6-dihydrothymine (Tg)) in vivo (12) .
Our laboratory has previously demonstrated the existence of a repair system specific for thymine glycols in mammalian mitochondria (13) . A Tg glycosylase/AP lyase (mtTGEndo) was isolated from rat liver mitochondria to near homogeneity. Based upon functional studies, we concluded that this protein, with an apparent molecular weight of ∼37 kDa, was the rat mitochondria homologue of endonuclease III.
While there is good evidence for the presence of an endonuclease III homologue in Saccharomyces cerevisiae mitochondria (Ntg1p, (14) ), the situation in mammalian mitoby guest on July 17, 2017 http://www.jbc.org/ Downloaded from chondria is still not clear. Using a FLAG-tagged construct and anti-FLAG antibodies, Takao et al., 1998 (15) observed sorting of hNTH1 to both the nucleus and mitochondria.
Cytosolic labeling of HeLa cells with anti-hNTH1 also suggested mitochondrial localization (16) . On the other hand, Luna et al., 2000 (11) failed to detect any mitochondrial localization of an EGFP-hNTH1 in live HeLa cells. So far, no studies have addressed the possible mitochondrial localization of the murine NTH1.
Very recently, Takao and co-workers (16) demonstrated the presence of a Tg-incision activity in mouse liver mitochondrial extracts that was lost upon disruption of the mNTH1 gene. The authors also reported the presence of another Tg-incision activity in mitochondrial extracts from mNTH1-deficient mice, which they called TGG1 (thymine glycol glycosylase 1). TGG1 seems to be a mono-functional glycosylase that is induced upon the knockout of mNTH1.
Here, we have used extracts from mNTH1-deficient mice to investigate the role of this protein in mitochondrial DNA repair of various oxidized pyrimidine DNA base damage.
We also examined the possible overlapping roles of the mNTH1 and the mOGG1 proteins in mitochondria using extracts from mOGG1-deficient and double-knockout animals. This is the first characterization of BER enzymes in mitochondria from the double knockout, deficient in the two major DNA glycosylases for the repair of oxidized bases. 
Animals:
The generation and characterization of mOGG1 -/-mice has been described elsewhere (17) . The generation of the mNTH1 -/-mice has been reported (18 where X represents either the unmodified base or the specified base damage in the 30-mer sequence. AP-containing oligonucleotides were prepared by treating the uracilcontaining substrate with 1 U of recombinant uracil DNA glycosylase for 1 h, at 37ºC.
The oligonucleotide containing a single thymine glycol lesion was prepared by OsO 4 treatment of the following oligonucleotide 5'GAACGACAGATGACACGACAGACAAGCA3', as previously described (13) . The substrates were 5'-end-labeled using T4 polynucleotide kinase and [γ- 
RESULTS

Normal Repair of Uracil in Extracts from NTH1 deficient Mice
In order to investigate the role of the mNTH1 protein in mitochondrial BER we prepared liver mitochondrial extracts from wild type and mNTH1 -/-mice. Extracts from mOGG1 -/-mice and double knockout animals were also analyzed to determine whether the mOGG1 protein could replace mNTH1 in the repair of certain types of oxidative DNA base lesions. We tested for the presence of contaminating nuclear proteins by western blot, using monoclonal antibodies against the highly abundant nuclear matrix protein, No decrease in the incision of an AP site containing oligonucleotide was observed in the mitochondrial extracts deficient in either mNTH1 or mOGG1. In contrast, both the single knockouts and the double knockout extracts contained higher AP-endonuclease activity than the wild type (Fig. 2, panel D) , suggesting a possible compensatory mechanism, since mOGG1 and mNTH1 are bi-functional glycosylases, with associated AP-lyase activities. Together, these results suggest that the absence of mNTH1 or mOGG1 did not interfere with BER of lesions that are recognized by another glycosylase, such as UDG.
Thymine Glycol Incision in NTH1-deficient Mouse Extracts
To determine which glycosylases were involved in Tg removal from the mitochondrial 
NTH1-deficient Mouse Extracts incise other Oxidized Pyrimidines
In order to evaluate the role of NTH1 in the removal of other oxidative damaged bases in mtDNA, we measured the incision activity towards 5-hydroxy-cytosine (5-OHdC) and 5-hydroxy-uracil (5-OHdU) in mitochondrial extracts from wild type and knockout mice. This is shown in Figure 6 . since incubation of the substrates under the same condition, but in the absence of mitochondrial extracts, did not result in any incision products (lane 1, panels A and C). In addition, control substrates containing an unmodified base were also not incised by wild type extracts (lane 2, panels A and C), demonstrating that these incision activities were damage-specific. Thus, our results suggest that mouse mitochondria contain at least one other glycosylase/AP lyase that recognizes 5-OHdC and 5OHdU. The incision observed in the double knockout extracts suggests that this activity cannot be attributed solely to mOGG1, and thus it may constitute a new enzymatic activity.
DISCUSSION
Mitochondria are the principal source of reactive oxygen species in the cell and the mitochondrial genome is known to contain higher levels of oxidative DNA base damage than the nuclear genome (21) . We have previously observed that the OGG1 glycosylase plays a more important role in mitochondria than in nuclear DNA, since the accumulation of 8-oxodG in the mtDNA from OGG1 -/-was much more dramatic than in nuclear DNA when both were compared to wt (22) . It is, therefore, of great interest to characterize the function in mitochondria of another major glycosylase, NTH1, and we have done this by studying the incision of oligonucleotides containing DNA lesions that are known substrates for NTH1. The main oxidative DNA base lesions known to be substrates for NTH1 in vivo are Tg and other oxidized pyrimidines such as 5-hydroxy cytosine and 5-hydroxy uracil. It is also important to characterize the BER activities in mitochondria from the double knockout animals, deficient in both mOGG1 and mNTH1. These en-zymes are the two main glycosylases for the removal of a wide spectrum of oxidative damages from DNA.
Although mitochondrial extracts from all four mouse strains tested incised a uracil-or abasic site containing oligonucleotides to a similar extent (Fig. 2) , we failed to detect any incision activity against thymine glycol, either when paired with adenine or guanine, in extracts from mice deficient in mNTH1 (Fig. 3) . These results are in apparent contradiction with the study by Takao et al (16) , who described a monofunctional Tg glycosylase activity (TGG1) in partially purified liver mitochondrial extracts from their mNTH1 knockout mouse. However, these authors only observed significant Tg incision activity after at least one step of protein purification. This could indicate that, even with the induced activity observed in their mNTH1 -/-fractions, TGG1 is still a very minor activity. Alternatively, there may be a competing or inhibiting protein, or other cofactors, present in the mitochondrial extracts that are lost during the purification procedure.
The lack of a backup Tg-glycosylase in our mNTH1 -/-mitochondrial extracts is further supported by the observation that sodium borohydride trapped complexes of Tgcontaining oligonucleotides were only detected in extracts containing NTH1 (Fig. 4 , lanes 2 and 5), suggesting that mNTH1 -/-mitochondrial extracts lack a DNA glycosylase/AP lyase that could recognize that base damage. The trapped complex in wild type and mOGG1 -/-extracts was of slightly higher MW in an SDS page than the EndoIII control, as expected since mNTH1 is ∼37KDa and Endo III is ∼23KDa.
Another important consideration that might help to explain the differences between our results and those reported by Takao et al. (16) concerns the method used to generate the thymine glycol-containing oligonucleotides used in the different studies. Osmium tetroxide used in this study results in the production of both the 5S,6R and 5R,6S diastereoisomers of cis thymine glycol and this resembles the situation after γ -radiation (23, 24) . However, KMnO 4 oxidation, as used by Takao et al. (16) , results in the formation of predominantly the 5R,6S isomer. Previous work by Asagoshi et al. (25) showed that mNTH1 incised oligomers containing either of the diastereoisomers with similar efficiencies, in good agreement with its known broad substrate specificity. However, it is possible that the lack of activity against our Tg oligonucleotide by extracts lacking mNTH1 may be a function of the low abundance of any novel Tg glycosylase compounded by its preference for the 5R, 6S cis isomer of Tg, which is present in lower amounts in our substrate. This could also help to explain our observation that oligonucleotides containing 5-OHdC and 5-OHdU are incised by these extracts, provided that the enzyme has broad substrate specificity.
The same extracts that lack Tg incision were not devoid of activity against all oxidized pyrimidines, as we did observe incision of oligonucleotides containing 5-OHdC and 5-OHdU in both the single mNTH1 and the double knockouts (Fig. 6) . The slightly lower incision activity in the extracts from [mNTH1, mOGG1] -/-animals in comparison to the mNTH1 -/-suggests that, in the absence of mNTH1, mOGG1 may participate in the repair of oxidized pyrimidines. However, mOGG1 does not account for all the residual incision, suggesting the existence of another glycosylase that may recognize those lesions.
Recently, a number of groups have reported the identification and partial characterization of a novel human glycosylase with homology to the bacterial Fpg/Nei class of proteins (26) (27) (28) . This enzyme, now termed NEIL1, has broad substrate specificity and is characterized by its β/δ-elimination mechanism of cleaving the phosphodiester backbone. However, this latter trait discounts the possibility that NEIL1 is responsible for the The identity and characterization of the protein(s) responsible for the residual incision activity in our mNTH1 deficient mitochondrial extracts is being actively pursued in our labs. Indeed, experiments with whole cell sonicate have revealed the presence of a novel glycosylase with a broad substrate specificity that acts through a β-elimination reaction mechanism (Elder et al., manuscript in preparation). It will be interesting to determine whether this protein is identical to the back-up enzyme activity from NTH1 -/-thymic sonicates described by Ocampo (20) and whether this protein is localized to the mitochondrion. 
